Introduction
Nearly universal warming of permafrost across the polar northern hemisphere in the past several decades has been observed (Lemke et al., 2007; Christiansen et al., 2010; Romanovsky et al., 2010a Romanovsky et al., , 2010b Smith et al., 2010) . However, there is a large variation in the magnitude of permafrost temperature change within these permafrost regions. Permafrost with lower temperatures (<-2.0 °C) is warming more rapidly, especially in the Northern Arctic. In northern Alaska, northern Europe, Russia, and at Alert on Ellesmere Island in northern Canada, recorded warming rates near or above 0.1 °C yr -1 in the past several decades have been reported (Oberman and Mazhitova, 2001; Osterkamp, 2003; Hinzman et al., 2005; Walsh et al., 2005) . Warming rates are weaker for permafrost with higher temperatures in lower latitudes, especially for permafrost already at temperatures close to 0 °C. For this warm permafrost, latent heat effects dominate the ground thermal regime and mitigate the rate of temperature change (Romanovsky et al., 2010a) . In the interior of Alaska, where permafrost is warmer than that in northern Alaska, permafrost temperatures have increased by 0.5-1.5 °C from 1983 to 2003, about half of the rate of northern Alaska (Osterkamp, 2005) . On the Qinghai-Tibet Plateau (QTP), where the highest and most extensive high altitude permafrost on Earth is located (Cheng and Wu, 2007) , observations indicate that at sites with long-term mean permafrost temperature at or above -1.0 °C, the rate of permafrost temperature increase was usually less than 0.3 °C 10 yr -1 , whereas at sites with long-term mean permafrost temperature lower than -2.0 °C, the rate of permafrost temperature increase was greater than 0.5 °C 10 yr -1 during the 1996-2006 period (Wu and Zhang, 2008) .
In contrast, the magnitude of active-layer thickness (ALT) increase is greater in warm permafrost regions than in cold permafrost regions. Over Alaska and northern Canada, cold permafrost regions, there is evidence of large interannual variations of ALT but no significant trend since the early 1990s (Brown et al., 2000; Nelson et al., 2004; Wu and Zhang, 2010) . In Siberia, another cold permafrost region, the average magnitude of ALT has increased only about 21 cm from the early 1960s to 2000 (Frauenfeld et al., 2004; Zhang et al., 2005; Wu and Zhang, 2010) . However, on the QTP, the average rate of the ALT increase is about 5.0 cm yr -1 in cold permafrost regions, whereas in warm permafrost areas, the mean rate of increase is as much as 11.2 cm yr -1 from 1995 to 2007 (Wu and Zhang, 2010) . In Mongolia, the largest rates of increase of ALT of 20-40 cm yr -1 were observed during the past decade at those boreholes where the mean annual ground temperature was close to 0 °C and a smaller rate of increase usually occurred in shallow active layers over ice-rich and colder permafrost (Zhao et al., 2010) .
Permafrost temperature conditions not only have important implications for the warming trend of the permafrost, but also have significant implications on the distribution of ground and subsurface temperatures. In warm permafrost regions, the permafrost temperature profiles are highly sensitive to varying soil thermal properties (Smith and Riseborough, 1985; Riseborough, 1990) . Recently, the characteristics of the ground temperature profiles of permafrost within different temperature regimes have been reported in the literature (Lemke et al., 2007; Christiansen et al., 2010; Romanovsky et al., 2010a Romanovsky et al., , 2010b Smith et al., 2010; Zhao et al., 2010) . The focus is largely on the influence of related factors such as snow cover and vegetation while some researchers have suggested that the latent heat effects have significant implications on the thermal profiles (e.g., Romanovsky et al., 2010a; Smith et al., 2010) . Generally, the thermal regime of deep permafrost is a conservative realm and has a long response time and reacts to climatic fluctuations slowly. Disturbance of temperature distribution at depth always requires several years or decades for permafrost to re-
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Using continuous data obtained from 17 monitoring sites, the permafrost temperature profiles and the depths of zero annual amplitude (DZAA) on the Qinghai-Tibet Plateau are examined. Permafrost thermal trumpet curves are generally narrow and the DZAAs are generally shallow in warm permafrost regions, especially at sites where the permafrost temperature is close to 0 °C. The observed DZAAs in warm permafrost regions are indeed generally less than 7.0 m and for three sites less than 4.0 m. In low-temperature permafrost areas, the situation is reversed: the thermal trumpet curves are generally wide and the DZAAs are generally deep. Theoretical and numerical analyses clearly show there is a causal relationship between permafrost warming and the decrease of the DZAA. Latent heat effects are buffering the increase of permafrost temperature and result in narrow thermal trumpet curves and shallow DZAAs. Based on observations and numerical analyses, this research suggests that most of the permafrost on the Qinghai-Tibet Plateau is undergoing internal thaw and the latent heat effects have important implications on the permafrost thermal regime. The temperature-dependent adjustments in permafrost will promote both the downward and upward degradation of permafrost as a result of climate warming. spond to atmospheric warming or cooling (Haeberli et al., 1993) . It is not possible to fully assess the rate of change of ground temperature distribution at the monitoring sites since long-term observation is still in its infancy. However, the causal relationship between the permafrost thermal regime and changes in thermal characteristics can be explored through analysis of permafrost data already collected from different thermal regimes as well as by theoretical and numerical analyses. In this study, we explored the temperature profiles and the depths of zero annual amplitude (DZAA) of 17 monitoring sites on the QTP using continuous data obtained from 2006 to 2010. We analyzed the characteristics of the permafrost thermal regime at different sites with different temperature. In the discussion part of this paper, the causal relationship between permafrost thermal conditions and decrease of the DZAA is presented through theoretical and numerical analyses. The aim of this study is to analyze how the permafrost thermal regime of the QTP has adjusted to the change of soil temperature and what factors influence this adjustment.
Methods and Data
During the past several decades, permafrost has been increasingly studied on the QTP (Fig. 1) . Most of the studies are concentrated along the Qinghai-Xizang Highway (QXHW) and the Qing-Kang Highway due to the region's isolation and harsh environmental conditions in the hinterland of the QTP (Cheng and Wu, 2007; Jin et al., 2008; Wu et al., 2010a; Zhao et al., 2010; Xie et al., 2012) . Thousands of boreholes were drilled into the permafrost for the engineering design and construction of the Qinghai-Xizang Railway and for scientific research programs. Since the 1980s, an integrated permafrost monitoring network including more than 20 boreholes with depths from 20 to 127 m has been set up along the QXHW (Cheng and Wu, 2007; Zhao et al., 2010; Xie et al., 2012) . All the boreholes are located at least 2 to 5 km away from the highway in order to avoid the direct influence of the QXHW. Thermistor sensors were installed on cables and were permanently installed into these boreholes, which were cased using 5 cm diameter steel pipes (Zhao et al., 2010) . Generally, the thermistor sensors were deployed at 1 m intervals near the surface (≤6-8 m) and 2-3 m intervals at deeper depths. These thermistor sensors, which were made at the Chinese State Key Laboratory of Frozen Soil Engineering at Lanzhou, have excellent sensitivity (±0.01 °C) in laboratory tests (Cheng and Wu, 2007) . Initially, soil temperatures at different levels were measured three times per month by hand and then averaged over a year. Automated data-loggers have been subsequently installed to record temperatures and water content at various horizons in the active layer since 1998 and have been commonly used to record ground temperatures at different depths in permafrost since 2005. At the present time, all sites are equipped with Campbell Scientific data-loggers (model CR10X, CR1000, or CR3000) to record the measurements (Zhao et al., 2010) .
Soil temperature data used in this study were obtained from 17 monitoring boreholes along the QXHW during the 2006 to 2010 period (Fig. 2) . Permafrost temperatures in all of these boreholes are automatically recorded 12 times per day at 2-hour intervals during the study period. Tables 1 and 2 summarize geographical locations, soil type, vegetation cover, permafrost conditions, and monitoring period at each site. The soil types are observed near the surface and varied from fine materials as clay to silt/sand/gravel, consistent with Zhang (2008, 2010) . At some sites, soil temperature and water content were both monitored at many horizons in the active layer, such as XDT, QTB02, QTB09, QTB16, and QTB18.
In this study, meteorological data are collected from three automated weather stations (AWS) that are located in Xidatan, Wudaoliang, and Tanggula (Fig. 2) . Air temperature and precipitation have been continuously observed at these three meteorological stations during the study period. Long-term meteorological data are provided by three Chinese National Meteorological Stations (CNMS), which are located in Wudaoliang, Tuotuohe, and Amdo. In addition, air temperature was also observed at 0.5 m above the surface at these monitoring sites (boreholes) during the study period. Thus, for each of the permafrost monitoring sites in this study, the air temperature can be obtained either locally or from nearby weather stations.
PERMAFROST THERMAL STATE AND THERMAL PROFILES
Geographically, spatial patterns of permafrost temperature distribution on the QTP are controlled by regional zonations of elevation, latitude, and continentality (Cheng, 1983; Zhou et al., 2000; Jin et al., 2008; Wu et al., 2010b) and are significantly affected by local environmental factors such as vegetation, snow cover, soil water content. and geological landform (Cheng, 2003; Wang et al., 2002; Jin et al., 2008; Lu et al., 2008; Pang et al., 2011) . Recently, the main characteristics of permafrost conditions, the recent permafrost warming, and the changes in the active layer were discussed in detail by Cheng and Wu (2007) , Zhang (2008, 2010) , Wu et al. (2010a Wu et al. ( , 2010b , Zhao et al. (2010) , and Xie et al. (2012) . Therefore, in this study, we only focus on the characteristics of the thermal profiles at these monitoring sites. Figure 3 shows the permafrost temperature (the mean annual ground temperature at the depth of zero annual amplitude [DZAA, Qiu et al. 1994] ) at all the 17 monitoring sites along the QXHW. Eleven permafrost sites are classified as warm permafrost, which is defined as permafrost temperature at or higher than -1.0 °C (Wu and Zhang, 2008; Wu et al., 2010a) , and eight of them are warmer than -0.5 °C. Warm permafrost is widely distributed in Xidatan basin, Chumaer River basin, Tuotuohe River basin, and in the south of Tanggula Mountains. Permafrost with temperature below -2.0 °C was only found at three sites, QTB2, QTB9, and KKXL. QTB2 is located at the south-facing slope of Kunlun Mountains, and both QTB9 and KKXL are located in the Hoh Xil Mountains. In permafrost regions, as the air temperature oscillates through its annual cycle, the ground temperature will reflect these temperature changes to a certain depth and with a time lag. The minimum and maximum temperature of the soil form trumpet curves that intersect at the DZAA, where annual temperature variations cease. These annual trumpet curves can be used to characterize the ground thermal regime of the permafrost . From Figure  4 , it can be seen that the shape of the thermal trumpet curves varies considerably among the 17 monitoring sites. The thermal trumpet curves are usually narrow at the sites with permafrost temperature close to 0 °C (warm permafrost), while they are wider at the coldpermafrost sites. For example, at QTB5 the permafrost is found at depths between -8.3 m and -13.5 m and permafrost temperature is -0.03 °C. The ground temperature in the permafrost remains stable throughout the year while they change dramatically in the unfrozen soil. Similarly, at QTB1, where permafrost temperature is -0.43 °C, the amplitude of ground temperature in the upper section (above the DZAA, 3.9 m) of permafrost attenuates rapidly from 34.5 °C at the surface to 0.1 °C at the DZAA, and the maximum temperature gradient is larger than 5.0 °C m -1 in winter. In the lower section (from the DZAA to the bottom of the permafrost), the amplitude of ground temperature is close to 0 °C. Similar thermal trumpet curves can be found at other warm permafrost sites such as QTB3, QTB4, QTB6, BLH, WULI, KXL, and TTHN. Permafrost temperatures at all of these sites are higher than -0.6 °C.
In cold permafrost regions, in contrast, permafrost usually extends deeper than the drilling depths and the fluctuations of air temperature can be transferred into deeper horizon. For example, at QTB9, where the permafrost temperature is -2.74 °C, the annual amplitude of the ground temperature is attenuated slowly with depth and the temperature gradients within the deep drilling depths are close to 0 °C m -1 . Similar thermal trumpet curves can be found at KKXL, QTB15, and QTB16 where permafrost temperatures are below -1.0 °C. Wide thermal trumpet curves are also found at QTB11, which is the only site that is located in a nonpermafrost region. The shape of the thermal trumpet curve is strikingly different from WULI, although both sites are located in the same region. These characteristics of the thermal trumpet curves imply that temperature regime, cold or warm, has important implications for the temperature profile of permafrost.
PERMAFROST THERMAL STATE AND THE DZAA
The temperature at the DZAA is usually considered as the mean annual temperature of permafrost. Normally, the operational definition for the DZAA is the depth where the change of measured temperature is less than 0.1 °C annually (Williams and Smith, 1989) . This operational definition is widely used in spite of higher thermistors' accuracy (e.g., Zhou et al., 2000; Isaksen et al., 2007; Burn and Zhang, 2009; Smith and Brown, 2009) . DZAA can be used as a metric to assess the influence of the temperature regime and other factors on the permafrost thermal profile. Figure 5 shows the DZAA for the 17 sites along the QXHW in 2010. The DZAA at more than half the monitoring sites is less than 7.0 m and the average value of DZAA is 8.5 m, which is much shallower than that reported by Zhou et al. (2000) . They estimated that the DZAA ranged from 10 to 15 m depth on the QTP. Along the QXHW, the spatial distribution of the DZAA is generally controlled by the permafrost temperature and influenced by the regional surface conditions and geological landform. It is less than 4.0 m at QTB4, QTB6, and QTB3. QTB4 observation site is located on the northern Qingshuihe river terraces, where DZAA is 3.3 m and permafrost temperature is -0.35 °C. QTB6 is located on the southern Qingshuihe river terraces where the DZAA is 3.9 m and permafrost temperature is -0.35 °C. At QTB4, segregated ice is distributed at 1.93-4.16 m with a pure ice lens of 1.0-2.0 cm. In addition, there is a thicker ice layer developed in a deeper layer (Jin et al., 2006) . At QTB6, ice-rich weathered marl is developed near the permafrost table. Surface conditions at QTB3 are significantly different from the previous two observation sites. QTB3 is located in a desertification area and there is low water content in the surface soil (Lu et al., 2008) . The DZAA is 3.8 m, which is close to that of the active layer (3.3 m) at this site, and permafrost temperature is -0.45 °C. The common feature of the three observation sites is that the permafrost is relatively warm (temperature > -0.5 °C). Similar results can also be found in some of other observation sites, such as QTB1, KXL, TTHN, and WULI. DZAAs at these observation sites are between 6.4 and 6.8 m and permafrost temperatures range from -0.35 to -0.6 °C. DZAAs at all the warm permafrost sites excepting QTB18 were shallower than 7.0 m. Permafrost at QTB18 occurs in a low-lying swamp where the top 0-60 cm soil depth contains organic material. Permafrost temperature at this site is -0.73 °C, ALT is 1.2 m, and DZAA is 8.2 m. DZAA at this site was not very shallow because of the relatively low permafrost temperature, although the high water content and organic layer resulted in very shallow ALT.
In the low-temperature permafrost regions, DZAA is usually deeper than that in warm permafrost regions. It is 7.0 m, 10.0 m, and 11.5 m at QTB2, QTB9, and KKXL, respectively. Permafrost temperatures at all the three observation sites are below -2.0 °C. The deepest DZAA is found at QTB16, which is located on an ancient glacial till at the north-facing slope of Tanggula Mountains. DZAA at QTB16 is about 16.0 m, and the permafrost temperature is -1.3 °C. Glacial till is that part of glacial drift that was deposited directly by the glacier. Its content always varies from clays to mixtures of clay, sand, gravel, and boulders, which is conducive for downward heat transmission.
In the same region, the DZAA is deeper in nearby nonpermafrost regions. For example, both QTB11 and WULI are located in Wuli Basin, and the sedimentary environment is the same at the two sites. At QTB11, which is located in a nonpermafrost region, the DZAA is 14.9 m, while it is only 6.3 m at WULI, which is located in a warm permafrost region with a permafrost temperature of -0.44 °C. Since the two sites share the same sedimentary environment, the difference in DZAA is attributed to the presence of permafrost. At QTB5, the DZAA is 7.7 m and it is less than the ALT at this site (8.3 m). Permafrost has been rapidly disappearing in this region for the past several decades (Wu et al., 2010b) .
The above observation results indicate that the permafrost temperature regime has significant implications for the distribution of ground and subsurface temperatures. Figure 6 shows a roughly negative trend in permafrost temperature-DZAA relationship. It can be seen that the values of DZAAs are influenced by the permafrost temperature. However, correlation between permafrost temperature and DZAA is not significant and the correlation coefficient is only 0.35. The poor correlation is partly due to the limited number of observation sites and partly due to the impact of nonthermal regional environmental conditions.
Discussion
Research indicates that environmental settings, such as snow cover, the physical properties of the ground materials, and the seasonal amplitude of air temperature variations have significantly influenced the distribution of ground temperature in permafrost (Williams and Smith, 1989; Romanovsky et al., 2010b) . The combination of these variables may change the shape of the trumpet curves significantly and modify the influence of the temperature regime. However, from the statistics of the annual air temperature amplitudes at these monitoring sites (Fig. 7) , there is a decreasing trend in air temperature amplitude from north to south along the QXHW, which is consistent with that reported by Ma (1999) and Du (2003) . The values of the annual air temperature amplitude change from 36 to 37 °C in the northern region to 30 to 32 °C in the southern region. From the observations presented in this paper, it can be seen that the distribution of the annual air temperature amplitudes does not have a dominant influence on the distribution of the DZAAs along the QXHW, because the DZAAs do not follow the same distribution pattern. Snow cover may have an important influence on permafrost temperature. Generally, though, there is relatively little snow on the ground in winter on the QTP (Wu and Zhang, 2008) . Snow cover is an efficient buffer layer that can significantly retard the seasonal and interannual fluctuations of heat transfer into the ground (Goodrich, 1976; Williams and Smith, 1989; Romanovsky et al., 2010b) . Similarly, it can be inferred that snow cover does not have significant influence on the distribution of the DZAA along the QXHW, as the DZAA is usually deep at the sites located in high mountains, where the seasonal snow cover is thick, while it is shallow at the sites located in low regions, where the seasonal snow cover is thin.
From the observations reported in this paper, it can be found that permafrost thermal profiles along the QXHW are primarily determined by the soil temperature regime although the specific regional settings have important implications. However, it is difficult to investigate the temporal trend of ground temperature distribution at specific monitoring sites and the relationship between soil temperature and permafrost profiles, on the one hand because the long-term observation is still in its infancy, and on the other hand because the environmental setting has important thermal influences. In this section, we discuss the temperature-dependent adjustments of the thermal profile in permafrost through theoretical and numerical analyses.
For permafrost, the general features of the thermal regime that experiences annual variations, such as the exponential attenuation of seasonal temperature amplitude with depth and associated lag in phase, can be analyzed using the heat conduction equation with a sinusoidal surface temperature variation (Williams and Smith, 1989) . If the geothermal gradient term is ignored, the temperature at any depth, z, can be calculated by the following (Williams and Smith, 1989) :
where κ is the soil thermal diffusivity (m² s -1 ); ω = 2π P -1 , P is the period of the wave (1 year), and As is the amplitude of the surface temperature wave. Time t is counted from the date in spring 
represents the amplitude of the temperature wave at depth z. As introduced previously, the DZAA is the distance from the surface to the depth beneath which there is virtually no annual fluctuation in ground temperature (Williams and Smith, 1989) . It can also be defined as the depth where the annual wave is delayed by exactly 1 year from that at surface (Williams and Smith, 1989) . This is given by
In a saturated system, thermal diffusivity, thermal conductivity, and the volumetric heat capacity for a mixture of soil particles, unfrozen water, and ice are represented as (Williams and Smith, 1989; Xu et al., 2001 ):
W is the total water content; λ, λw, λi, λm are the thermal conductivity of the frozen soil, unfrozen water (0.55 W m -1 °C -1 ), ice (2.22 W m -1 °C -1 ), and minerals; C, Cf ,Csf ,Ci, and Cu are the heat capacity of frozen soil, sensible heat capacity of the frozen soil, minerals, ice (2.09 kJ m -3 °C -1 ), and unfrozen water (4.18 kJ m -3 °C -1 ), respectively. L is the volumetric latent heat of fusion for ice (334.56 kJ m -3 ). In Equation 6, the first term refers to the (sensible) heat capacity of the soil and the second term is the apparent capacity (latent heat) of the soil.
The change trend of the latent heat capacity can be roughly determined by the typical power-curve relationship between unfrozen water and temperature as was suggested by Anderson and Tice (1973) :
where Wu is the unfrozen water content, T is the absolute value of negative temperature, and a and b are the empirical coefficients according to the soil. The curve of unfrozen water indicates that the primary conversion of ice into water happens when the temperature is above -3 or -2 °C, especially when permafrost temperature is close to 0 °C (Fig. 8, part a) .
half, and it releases heat equivalent to that required to raise the temperature of an equal volume of rock by about 150 °C (Gold and Lachenbruch, 1973) . Hence, when the permafrost temperature is close to 0 °C, the heat capacity of frozen soil, Cf, is quite minor compared to the latent heat capacity, and the thermal diffusivity is dominated by the latent heat capacity. The latent heat effects dominate the changes in thermal diffusivity, the DZAA, and the amplitude of the temperature wave in the permafrost. Figure 8 , parts b and c, show the changes in thermal diffusivity and the DZAA in the permafrost. It is also evident that when soil temperature is -3 °C, the DZAA is about 15 m, and then it decreases steadily with the increase of soil temperature. When the soil temperature is higher than -1 °C, the DZAA decreases sharply from about 8.5 m to about 0 m at 0 °C. For the same soil type, following Equation 2, the amplitudes of the temperature wave at different depths were calculated for five soil temperature scenarios (Fig. 9) . It can be seen that the thermal trumpet curves are narrower and the DZAA is shallow when the temperature is close to 0 °C, and vice versa. In nonpermafrost soil, since there is no ice-water phase change and thus no latent heat effects, both the thermal diffusivity and the DZAA are stable and the thermal trumpet curves are wide. These simulation results are similar to the observational results along the QXHW.
The theoretical and numerical analyses presented above clearly show that permafrost thermal profiles will inevitably be adjusted when ground temperature increases. The temperature-dependent adjustment in permafrost has important effects on the permafrost degradation on the QTP for climate warming scenarios. It is evident that the decrease of the DZAA will result in the increase of the temperature gradient in the shallower layer and thus is an important influence on ground heat flux in the permafrost. In summer, the temperature gradient remains negative (the overlying soils were warmer than the underlying soils) in the permafrost region above the DZAA. Absolute value of the temperature gradient is very large at those sites with small DZAA, but is relatively small at those sites with large DZAA, as expected. For example, on the warmest date, average absolute value of the temperature FIGURE 8. Variations of (a) the water content, (b) the thermal diffusivity, and (c) the DZAA with temperature for given soil (sandy soil with 28% gravimetric water content). Using these theoretical formulations, if the permafrost is assumed uniform at different depths and unfrozen water does not move within the permafrost, the change trends of the thermal diffusivity and the DZAA can be analyzed by these formulas based on given values of W, a, b, λm and Csf. In this research, we choose a typical sandy soil with 28% gravimetric water content as the representative soil type on the QTP to simulate the change trend of the permafrost thermal profile and the DZAA. The values for a, b, λm, and Csf are 2.7, 0.6, 1.67 W m -1 ·°C -1 and 1.87 kJ·m -3 ·°C -1 , respectively (Xu et al., 2001) .
From Figure 8 , part a, it is evident that with the increase of ground temperature, unfrozen water content increases sharply when soil temperatures are greater than -1 °C and the main icewater phase change occurs when the temperature is close to 0 °C. Previous work has shown that when water changes to ice, its conductivity increases fourfold, its mass heat capacity decreases by gradient is about 4.1 °C m -1 between 0 m to DZAA at QTB4, but it is about 0.03 °C m -1 in the lower section. The former is almost 136 times the latter. The large temperature gradient in the shallow layer implies that a greater portion of the annual energy exchange between permafrost and atmosphere was consumed by the latent heat effects in the upper permafrost, which will promote the downward degradation of permafrost and result in large ALT. The small DZAA can well explain why the ALT has been increasing faster in warm permafrost regions (e.g., Wu and Zhang, 2010; Zhao et al., 2010) .
In winter, the temperature gradient remains positive (the overlying soils are colder than the underlying soils) in permafrost. The temperature gradients above the DZAA are large at those sites with small DZAA and are relatively small at those sites with larger DZAA. The large temperature gradient in the upper layer has attenuated the cooling process into the deep permafrost. The heat flux into the permafrost will be reduced and geothermal heat will contribute to the thawing at the base of permafrost, which will promote upward degradation of permafrost in these warm sites. Hence, the decrease of the DZAA will promote both the downward and upward degradation of permafrost. In the QTP, both the downward degradation and the upward degradation of permafrost were observed in the past several decades in the QTP. Jin et al. (2006) estimated that along the QXHW, the upward degradation has been proceeding at annual rates of 12 to 30 cm during the last quarter century in some warm permafrost regions, which exceed the 4 cm per year for the past 20 years reported for the discontinuous permafrost zone in subarctic Alaska (Osterkamp and Romanovsky, 1997; Osterkamp, 2003; Jin et al., 2006) . The difference of permafrost temperature regime and the DZAA is likely the primary reason for this difference.
From the observational results and above numerical analyses, it can be concluded that there is a causal relationship between permafrost thermal conditions and the decrease of the DZAA. The majority of permafrost on the QTP is undergoing internal thaw and it remains in an endangered state. It is the latent heat effects that result in different responses in permafrost with different thermal condition. The slow warming rate and rapid increase of the ALT were primarily due to the permafrost thermal regime. According to the current climate warming, when the latent heat effect finally becomes weak, permafrost on the QTP will eventually collapse. The current permafrost thermal regime change on the QTP is very likely to mirror all the permafrost in the northern hemisphere, and the research results of high-temperature permafrost on the QTP will help us understand the change of cold permafrost in the future.
Conclusion
Based on the observation results and numerical analysis, this work suggests that permafrost temperature regimes, whether cold or warm, not only have an important implication on the warming trend of the permafrost, but also have significant impact on the distribution of vertical profile of ground temperature. Continuous data obtained from 17 monitoring sites on the QTP show that permafrost thermal trumpet curves are generally narrow and the DZAAs are generally shallow in warm permafrost regions. The DZAA at more than half monitoring sites is less than 7.0 m and the average value of DZAA is 8.5 m. At three sites where permafrost temperature is close to 0 °C, the observed DZAAs are less than 4.0 m. In the low-temperature permafrost regions, DZAA is usually deeper than that in warm permafrost regions. It is usually deeper than 10.0 m and the deepest one is about 16.0 m at QTB 16. This research theoretically proved that there is a causal relationship between permafrost warming and the decrease of the DZAA. Latent heat effects are buffering the increase of permafrost temperature and result in narrow thermal trumpet curves and shallow DZAAs when permafrost temperature is close to 0 °C. This research suggests that the temperature-dependent adjustments in permafrost will promote both downward and upward degradation of permafrost under climate warming.
